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Voltage-sensing domains (VSDs) of Kv channels control ionic conductance through coupling
of the movement of charged residues in the S4 segment to conformational changes at the
cytoplasmic region of the pore domain, that allow K* ions to flow. Conformational transi-
tions within the VSD are induced by changes in the applied voltage across the membrane
field. However, several other factors not directly linked to the voltage-dependent move-
ment of charged residues within the voltage sensor impact the dynamics of the voltage
sensor, such as inactivation, ionic conductance, intracellular ion identity, and block of the
channel by intracellular ligands. The effect of intracellular ions on voltage sensor dynamics
is of importance in the interpretation of gating current measurements and the physiology
of pore/voltage sensor coupling. There is a significant amount of variability in the reported
kinetics of voltage sensor deactivation kinetics of Kv channels attributed to different mech-
anisms such as open state stabilization, immobilization, and relaxation processes of the
voltage sensor. Here we separate these factors and focus on the causal role that intracellu-
lar ions can play in allosterically modulating the dynamics of Kv voltage sensor deactivation
kinetics. These considerations are of critical importance in understanding the molecular

determinants of the complete channel gating cycle from activation to deactivation.
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INTRODUCTION
Voltage-gated potassium channels (Kv) sense membrane voltage
and underlie the repolarization of electrically excitable cells (Hille,
2001). This task is achieved by the division of the function of
the channels into voltage-sensing domain (VSD) and ion con-
ducting pore domain as shown in Figure 1A (Long et al., 2005b).
Charged residues in the S4 transmembrane segment of the VSD
move in response to changes in the membrane electrical field and
this motion is translated through a coupling mechanism involving
S4-S5 linker contacts with the bottom of S6-lined pore domain to
open or close the intracellular gate of ionic conductance (Lee et al.,
2009). The tight coupling between the two domains allows move-
ments in one domain to be translated rapidly into movements in
the other thus creating highly sensitive voltage-gated channels.
Once KT conductance has been activated the process must be
reversed once the membrane is restored back to resting poten-
tials so that excitable cell membranes do not become permanently
hyperpolarized and unable to generate action potentials again.
This is accomplished by deactivation and inactivation mecha-
nisms, both of which serve to shut down channel conductance.
Deactivation specifically refers to the voltage-dependent closure
of the pore intracellular gate, whereas inactivation can occur
under the conditions of continued depolarization and typically
involves conformational changes in other regions of the channel.
Inactivation can be broadly classed kinetically into fast inac-
tivation, conferred by inactivation peptides either attached to
the N-terminus of the channel protein or an accessory sub-
unit that can enter the open channel at the intracellular gate
and block conductance or slow inactivation which is caused by

conformational rearrangements in the outer pore and selectivity
filter region of the channel. Both inactivation and pore gating have
effects on voltage sensor dynamics. Because there are several mech-
anisms that can impact on voltage sensor deactivation kinetics, the
objective of this review is to present a clear description of these
different factors which can overlap in their functional effects, and
expand on the mechanism by which intracellular ions can influ-
ence these kinetics and thus the physiology of voltage sensing in
Kv channels.

BASIS FOR VOLTAGE SENSING IN Kv CHANNELS

Kv channels are tetrameric transmembrane proteins with each sub-
unit consisting of six transmembrane segments (S1-S6). The VSD
of each subunit comprises of S1-54, with the key determinant
of voltage sensing being a series of positively charged arginine
residues that line S4 (Figure 1A). The VSD is coupled to the pore
domain, shown in Figure 1B, which comprises S5-S6 of each sub-
unit, and comes together to form a S6-lined conduit for K ions to
flow across the membrane (Long et al., 2005a). At the extracellular
end of the pore, selectivity for K ions is conferred by a highly
conserved structural element in the pore, the selectivity filter, that
allows efficient dehydration and stabilization of dehydrated K*
ions over Na™ ions as the ions transport across the membrane
(Heginbotham et al., 1994). On the cytosolic side of the selectiv-
ity filter a water filled central cavity is found where hydrated ions
can reside before entering the filter (Zhou et al., 2001). Figure 1B
highlights the locations of two ions (purple) occupying two of four
possible binding sites in the SF and an ion residing in the inner
cavity (blue) of the Kv1.2 channel crystal structure, which is in the
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Inner cavity
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FIGURE 1 | Overview of Kv channel structure. (A) A top down view of
the Kv1.2 open state channel tetramer (PDB: 2A79) with the
voltage-sensing domains (S1-S4) in color. The charge carrying S4 segment
of the voltage sensor domain is highlighted magenta and the pore domain
S5-S6 segments are gray. (B) Side view of two pore forming subunits of
the Kv1.2 illustrating the selectivity filter containing two K* ions of a
possible four in positions 2 and 4 shown in blue and a K* ion residing in the
intracellular cavity in magenta.

open state (Long et al., 2005b). In the closed state of the chan-
nel this cavity is isolated from the bulk cytosol by a constriction
formed by a narrow bundle crossing of the pore-lining S6 helices
(Figure 1B), which does not allow hydrated ions to permeate (Liu
et al., 1997). Opening of this gate is initiated by depolarization
of the membrane. This drives the positively charged S4 segment
outward and induces a conformational shift at the bottom of the
S6 segments to dilate the bundle crossing. Hydrated ions can then
diffuse freely into the cavity and through the selectivity filter (Lu
et al., 2002; Long et al., 2005b).

Much progress in understanding voltage gating has relied upon
the fact that voltage sensor movement can be examined sepa-
rately from pore opening and closing by recording the transient
currents (gating currents), that are associated with the charged
residues in the S4 segment moving within the applied field (for
review, see Bezanilla, 2000). Kv channel gating currents are of
the order of 1% or less of the magnitude of ionic currents, and
therefore can only be resolved when recorded from channels in
the absence of larger contaminating ionic currents (Armstrong
and Bezanilla, 1974). Experimentally, ionic conductance can be
eliminated by the removal of permeant ions from the recording
solutions (Zagotta et al., 1994b), block of conductance (Bezanilla
etal., 1991; Schoppa et al., 1992), or mutation of channels to render
them non-conductive (Perozo et al., 1993; Wang et al., 1999).

MECHANISMS OF VOLTAGE SENSOR IMMOBILIZATION

Early studies of gating currents revealed that intracellular applied
quaternary ammonium (QA) ions severely slow the recovery of
ionic and gating currents by preventing pore gate closure (Arm-
strong, 1971; Choi et al., 1993; Melishchuk and Armstrong, 2001).
This phenomenon was also observed to result from the fast inac-
tivation process in Na™ channels and was referred to as “charge
immobilization” (Armstrong and Bezanilla, 1977). Because all the
charge that has been moved by depolarization eventually returns if
given an adequate recovery period the term immobilization really
refers to a slowing of gating charge return.

For the purposes of the review we have used an established
model of ShakerIR gating to simulate typical ionic and gating
currents from a channel to illustrate typical immobilized gating
charge. Figure 2 illustrates currents simulated using an established
model of shaker gating (Zagotta et al., 1994a). Figure 2A shows

a simplified shaker gating scheme in which voltage sensors in the
each four subunits undergo transitions between resting and acti-
vated states upon depolarization, followed by a sequential opening
step that represents the pore opening. The transitions between
resting and active carry the majority of gating charge. In Figure 2B
the simulated ionic currents show a rapid increase in the open
probability of the channel at depolarizing potentials more positive
than —40 mV. The gating currents correlating to the same gating
model are displayed in Figure 2C and show a mild immobilization
of gating charge return, which is a typical feature of Shaker gating
currents. The immobilization is seen in the return of gating charge
(OFF gating currents) that display a rapid return after depolariza-
tions to potentials where the channel has not opened (<—40 mV)
followed by a slowing of the gating charge return after open-
ings to potentials with significant channel probability of opening
(>—20mV). This slowing of OFF gating currents observed exper-
imentally can be clearly linked to the channel opening process as
it occurs only after the channel has opened.

In early studies with cloned Shaker channels it was found that
the N-terminus fast inactivating peptide caused slowing of gating
charge return when opened channels were bound with the inac-
tivation peptide (Bezanilla et al., 1991). As the binding site for
internal QA ions and the Shaker inactivation peptide has been
identified as residing deep in the inner cavity region of the chan-
nel pore these observations demonstrate that occupancy of this site
can cause voltage sensor immobilization through the prevention of
pore closure (Choietal., 1993; Gonzalezetal.,2011). To illustrate a
more severe immobilization, such as that observed when intracel-
lular QA ions or N-terminus inactivation peptides are present, an
extra blocked state O:B was added to the open state of the model
shown in Figure 2A. The gating currents from this model in the
presence of a blocking particle (B) are shown in Figure 2D. The
OFF gating currents show a severe slowing of charge return after
depolarization to potentials that open the channel significantly,
which equates to a strong immobilization due to the occupancy
of the open pore by B preventing the first open to closed transi-
tion and the subsequent voltage sensor return to its resting state.
In this case the degree of immobilization will be dependent upon
the affinity of the blocker for the pore of the channel where high
affinity blockers would induce a stronger immobilization. This
type of immobilization is not limited to channels such as Shaker
that posses N-terminus inactivation peptides as Kv channels often
associate with B-subunits that can confer inactivation properties
to the channel. For example, Kv1.2 associates with the Kvf1.2 sub-
unit which confers N-type inactivation and has also been shown
to slow voltage sensor return (Peters et al., 2009).

The slow return of gating charges is structurally mediated
through the coupling of the pore to the voltage sensor S4 through
inter-subunit interactions between the S4—S5 linker of one subunit
and the inner end of the S6 from a neighboring subunit (Batulan
etal.,2010). This observation indicates that an open pore can slow
voltage sensor return from the activated state as a result of the tight
coupling between the two domains.

A summary of the mechanism by which pore occupancy by
QA ions or N-terminus peptides can occupy the pore is shown
in Figure 2E. Depolarization that is sufficiently positive to open
the channel are usually associated with an mild immobilization of
the voltage sensors in the open state and has been postulated to
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FIGURE 2 | Gating currents demonstrating immobilization. (A) A model of
Shaker gating used to simulate currents (Zagotta et al., 1994a). The transitions
from R to A carry the majority of gating charge and the channel opens once all
four subunits have transitioned to A. The extra state O:B represents the an
intracellular blocking particle as discussed in the text. lonic (B) and gating (C)
currents generated from the model in response to 12 ms depolarization from a
holding potential of —100 mV with the program lonchannellab (De
Santiago-Castillo et al., 2010). (D) Gating currents display severe immobilization
when the model is run in the presence of an intracellular blocker [B] according
to the scheme shown in (A). (E) Cartoon representation of the mechanism by
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which the N-terminus inactivation peptide or QA ions can cause an
immobilization of gating charges. The S1-S3 segments of the VSD is colored
blue, S4 shown in purple (resting) or red (activated), and the pore domain S5-S6
grey. At resting negative membrane potentials the pore is closed at the bundle
crossing and the S4 charge carrying segments of the VSD are in a resting state.
Upon depolarization the S4 segments move outwards into the activated
position before the pore opens at the intracellular gate. Once the pore is
opened the N-terminus inactivation peptide or QA ions can enter the cavity. The
pore is unable to close when these particles in the cavity and has the effect of
slowing the voltage sensors return from the activated state.

reflect an intrinsic stability of the pore in the open confirmation
but could also result from the occupancy of the pore by the partic-
ular ions used in the internal solution. This effect is very dramatic
in the presence of intracellular blockers or fast inactivation pep-
tides which can occupy the inner pore cavity with a high affinity
and stabilize the open state thus limiting the rate of return of the
voltage sensors and associated gating charge.

INACTIVATION AND IMMOBILIZATION

In the absence of fast inactivation peptides or QA ions, immobi-
lization of charge is still observed in Kv channels. This indicates
that there are mechanisms other than pore block that underlie the
process of immobilization. Gating currents have been recorded
in the presence of K™ ions from mutant Shaker channels that
have been rendered non-conducting by a mutation W434F in the

pore helix that causes the collapse of the selectivity filter (Per-
1993). These experiments were conducted using the
non-conducting channel that also contained an N-terminus dele-
tion of residues 6—46 that removes any fast inactivation process
(named inactivation removed, ShakerIR), which causes voltage
sensor immobilization (Bezanilla et al., 1991), yet gating currents
from the ShakerIR-W434F recorded with K internal solutions
still displayed a slowing of gating current return after depolariza-
tion to potentials at which the channels open (Perozo et al., 1993).
In addition, wild-type (WT) channels recorded with solutions
using ion replacement to deplete conductive intracellular ions
with non-permeant cationic molecules such as NMG™ (Zagotta
et al., 1994b) or Trist (Varga et al., 2002) also display a slowing
of voltage sensor return after depolarization to potentials where
channels open. These studies clearly implicate the open pore as

ozo et al.,
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a critical determinant in the slowing of charge return, however it
is not the only determinant. In experiments with Kv1.5 channels
using NMG™ to replace Kt and Na™ and reveal gating currents
it was demonstrated that long depolarizations that persist past
the full activation time course of the channels induced a greater
slowing of the charge return upon repolarization than shorter
pulses (Fedida et al., 1996). This indicated that an immobiliza-
tion process was occurring that was not only mediated by the pore
opening. To further examine this effect the authors used the drug
4AP, which stabilizes the closed pore conformation. 4AP was found
to remove the development of immobilization, along with the slow
inactivation properties of the channel, suggesting that the immobi-
lization of the gating charge was linked to slow inactivation (Fedida
et al., 1996). This pointed to inactivation processes directly medi-
ating an immobilization of the voltage sensors in Kv1.5. Similarly,
in the Shaker channel lacking fast inactivation (ShakerIR) pro-
longed depolarization was found to immobilize the voltage sensor
(Olcese et al., 1997). The immobilization in these experiments
was reflected by a left shift of the voltage dependence of charge
return compared with charge activation which indicated that more
energy was required to return the voltage sensor to its resting
configuration (Olcese et al., 1997). Interestingly, immobilization
occurred in ShakerIR channels recorded in cut-open oocyte con-
figuration where the conducting ions were replaced with NMG™ as
well as in the non-conducting mutant channels ShakerIR-W434F
recorded in the presence of intracellular K ions, suggesting the
effect was not just related to open pore occupancy by the intra-
cellular ions. Furthermore, the time course of the development of
charge immobilization in the ShakerIR-W434F channel correlated
with the time course of inactivation of ShakerIR channels (Olcese
et al., 1997). These experiments implied an important distinction
between inactivated states — that the W434F channel represents a
pore inactivated state (P-type), thought to be due to a localized
collapse of the selectivity filter, that can still undergo further con-
formational rearrangements that stabilize the voltage sensor on
the same time scale as slow inactivation. This observation indi-
cated that the W434F mutation, whilst collapsing the selectivity
filter and preventing conductance, had not prevented other con-
formational rearrangements that involved the voltage sensor and
correlated with slow inactivation. Despite these correlations the
study could not conclude whether the P-type inactivation was
causally linked with the conformational changes that immobi-
lized the voltage sensors. A separate study investigated ShakerIR
gating using voltage-clamp fluorometry, in which an environmen-
tally sensitive fluorophore was attached to an engineered cysteine
residue at the top of the S4 or the pore region to track conforma-
tional rearrangements of the two regions (Loots and Isacoff, 1998).
It was found that the fluorescent probes in both regions tracked
the onset and recovery of slow inactivation which suggested that
pore inactivation alters the interaction between the two domains.
Specifically, the study found two conformational rearrangements
during ShakerIR channel inactivation — the first shuts the chan-
nel at the selectivity filter and represents the transition into the
inactivated state found in the W434F P-type inactivated channel
whereas the second rearrangement involves changes around S4
having the effect of stabilizing the inactivated state and making it
more difficult for the voltage sensor to return to its resting position
(Loots and Isacoff, 1998).

INTRACELLULAR ION EFFECTS ON IMMOBILIZATION

The experimental conditions required for the resolution of gating
currents (mutations, block, and permeant ion depletion) create a
significant hurdle when attempting to interpret the relevance of
these measurements to physiological gating, in which conducting
channels permeate small ions unimpeded. A significant advance
came with the development of methodology using the patch clamp
technique that enabled precise control of intracellular ionic con-
centrations and enabled Kv1.5 gating currents to be recorded in the
presence of permeating ions Cs™ and K (Chen et al., 1997). OFF
gating currents at —100 mV were recorded in the presence of a
low concentration of internal K* or the poorly permeant Cs™ ion
which avoided contamination of the gating currents by large ionic
conductance. These experiments uncovered that the rate of gating
charge return was accelerated by the presence of permeant ions in
these channels when compared with recordings in the absence of
permeant ions using NMG™ as a replacement cation (Chen et al.,
1997). This implied that the very presence of permeating ions can
influence the voltage sensor dynamics and led to the proposition
of an allosteric modulatory site where permeant ions may interact
to slow entry into a state from which gating charge is slow to return
or to impair the entry into a slow inactivated state. Following this
study the authors utilized a non-conducting Kv1.5-W472F mutant
channel and found that replacing extracellular and intracellular
NMGT with small group 1 intracellular cations also had the effect
of relieving the charge immobilization, with intracellular effects
being 10-fold more prominent (Wang et al., 1999). The differ-
ences in rates of charge recovery were apparent after depolarization
more positive than —20 mV consistent with voltages at which the
channel open probability rapidly increases. These studies implied
that the effect was strongly dependent upon an intracellular site
that was accessible when the channel opens and was hypothesized
to regulate entry of the channel into the slow inactivated state
which caused immobilization of charge. These two studies com-
bined indicated that the role of ions was not intrinsically linked to
their fluxing through the channel as the non-conducting mutant
Kv1.5-W472F could also be modulated by varying intracellular
ionic composition, but did not precisely locate the ion interaction
sites involved.

Insight into the location of the intracellular interaction site for
ions to modulate charge return came from studies on ShakerIR
channels in which the size of the internal cavity was increased by
a mutation at isoleucine 470 (Melishchuk and Armstrong, 2001).
This residue is located approximately mid way along the S6 helix
lining the intracellular cavity. Mutation from isoleucine to cys-
teine had the effect of accelerating charge return of gating currents
recorded with intracellular Cs* or NMG™. This observation led
the authors to propose that the limiting step in charge return was
pore closure, which in turn was rate limited by the exit rate of
ions from inner cavity binding sites. In this case, because the study
utilized short (15 ms) depolarizations, the charge immobilization
was considered separately from any conformational changes in
the tertiary structure of the protein that occurs over the time
course of slow inactivation processes which are typically of a much
longer time constant. This model proposed by Melishchuk and
Armstrong (2001) was consistent with and further supported the
classical “occupancy hypothesis” that was based on the observation
that increasing the external concentration of permeant ions such

Frontiers in Pharmacology | Pharmacology of lon Channels and Channelopathies

June 2012 | Volume 3 | Article 114 | 4


http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive

Goodchild and Fedida

Intracellular ions modulate deactivation gating

as KT, CsT, and RbT ions slows the deactivation kinetics of Kv
channels as the pore is prevented from closing when occupied
(Swenson and Armstrong, 1981; Matteson and Swenson, 1986).

An insightful study using a variety of different permeant
and non-permeant ions that compared ShakerIR conducting and
ShakerIR-W4343F non-conducting channels attempted to clarify
the mechanistic differences in immobilization in these channels
(Varga et al., 2002). The study first sought to examine the relation-
ship between ionic deactivation and gating charge return in the
WT channel. To achieve this without masking the gating currents
the experiments were recorded with low concentrations of perme-
ant ions on either side of the membrane (mM) 1 K*, 1 Rbt, ora
higher concentration of the poorly permeant Cs* (115 mM). The
gating currents under these conditions displayed ionic deactiva-
tion kinetics that were faster than charge recovery. This indicated
that ion occupancy at these concentrations did not rate limit the
voltage sensor return. However, because low concentrations of the
highly permeant ions Kt and Rb™ had to be used to avoid con-
tamination of the charge recovery measurements (this was not
necessary for Cs* due to its lower permeability allowing it to be
used at 115 mM) the result was not directly informative of more
physiological conditions. To enable the comparisons to be made
with high internal concentrations (115 mM) of KT and Rb™ the
experiments were conducted using the non-conducting W434F
channel. These recordings using W434F displayed a slower rate
of charge recovery than the WT channel with low concentrations
of KT and Rb™. This indicated a potential concentration depen-
dent effect, where higher concentrations of ions had the effect of
slowing charge recovery, consistent with occupancy slowing pore
closure. Further insight came as a byproduct of the interesting
observation that “non-conducting” W434F channels can in fact
conduct K in specific ionic conditions. When the extracellular
solution was setat 115 mM K+ and the internal contained 115 mM
Tris™, a KT conductance was observed. This K™ conductance had
the effect of slowing charge return more than when W434F was
recorded in the absence of any permeating ions. This suggested
that increasing the occupancy of the inner cavity with permeating
K™ ions lowered the rate of pore closure, also supporting the occu-
pancy hypothesis. Taken together, these results suggested that gate
closure was not rate-limiting for voltage sensor return in the WT
channel in the presence of low concentrations of permeant ions,
and that the gate could close before the voltage sensors returned
to resting. Conversely, in high concentrations of intracellular per-
meant ions occupancy of the cavity was rate-limiting pore closure
in the W434F channel.

A further observation from this study was that a slow compo-
nent of charge return was also present in almost all conditions,
and was dependent upon the ion species present. The authors
postulated that this slowing of gating charge return was caused
by the presence of varying degrees of inactivation accumulating
over the depolarizing pulses used to evoke gating currents. Because
inactivation is associated with conformational processes that slow
charge return (Olcese et al., 1997; Loots and Isacoff, 1998), the
varied effects with different ion species is likely to be partly due
to the different occupancy of a site that slows entry into the inac-
tivated states consistent with previous studies on immobilization
that develops after the channel pore is open (Fedida et al., 1999;
Wang et al., 1999).

From the studies discussed up to this point it is apparent that
occupancy of the cavity is a critical factor in regulating voltage
sensor immobilization. The main factors determining the dwell
time of an ion in a binding site at a constant membrane potential
are the interactions of the ion with the binding site and the poten-
tial electrostatic interaction with other ions nearby. Experiments
using the divalent ion Ba>* have been used to probe some of the
electrostatic effects of ion—ion interactions. A key feature of Ba**
ions in these studies is the deep binding site they occupy in the
SF of K* channels, adjacent to the inner cavity site highlighted
in Figure 1B (Neyton and Miller, 1988; Jiang and MacKinnon,
2000). The application of external Ba** was shown to acceler-
ate charge return in ShakerIR-WT and -W434F, specifically after
depolarizations to potentials where the channel opens, leading
to the hypothesis that Ba?* binding was destabilizing the open
state of the channel (Hurst et al., 1997). This effect could well
be mediated through a repulsive effect of the Ba?* ions in the
deep SF site with the positively charged KT ions residing in inner
cavity sites. Some experimental support for this hypothesis also
came from the detailed study by Varga et al. It was hypothe-
sized that external Ba?* ions would have effects on ions in the
cavity from the deep site and influence the occupancy and thus
exit rate of intracellular ions in the cavity. To test this hypothe-
sis they applied external Ba>* and observed an accelerated charge
return in the W434F channel, which was faster when K* ions
were in the cavity than with internal Na* ions, and had little
effect with Tris™ internal (Varga et al., 2002). These data indi-
cated that K* ions interacted strongly and repulsively with Ba**
but that the Na* and Trist ions were sufficiently different in size
and physico-chemical structure that they did not occupy a site
that was directly affected by Ba?* binding in the filter. The impli-
cation of this experiment was that K™ occupancy of the inner
cavity binding site could be destabilized by the Ba?* ion binding
presumably at a deep site in the SF (correlated with the lower
blue sphere in Figure 1B), close enough to exert a significant
electrostatic destabilization. This is however likely a simplified
picture as it is likely that there is more than one binding site
for ions within the intracellular cavity and that these sites can
exert influence on each other (Thompson and Begenisich, 2001,
2003).

When discussing the intracellular ion binding sites it should
be noted that these sites will be occupied by hydrated K™ ions
as the cavity also contains water molecules. Because a hydrated
K* ion has a diameter of around 5 A, with a hydration energy
of —85kcal/mol (Hille, 2001), it is likely that the steric bulk of
the hydration sphere of the ion significantly contributes to an
energetic barrier to channel pore closure. Generally the effects of
ions in the cavity described have been considered to be steric, and
the bulk of hydrated K™ ions support this kind of hypothesis,
as does the observation that large ions such as QA ions immo-
bilize charge more severely than small ions. In addition, recent
high level studies using all atom molecular dynamics simulations
to simulate a complete gating cycles indicated that the open cav-
ity dewetted before the pore collapses due to the hydrophobic
nature of the cavity (Jensen et al., 2010, 2012). Hydrated ions must
therefore exit before the pore can dewet fully before shutting, sup-
porting the hypothesis that ionic occupancy in the cavity slows
pore closure.
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VOLTAGE SENSOR RELAXATION - A THIRD MECHANISM OF
CHARGE IMMOBILIZATION?

Stabilization of the voltage sensor in the activated state after depo-
larization has also been observed in non-inactivating channels
such as HCN channels (Bruening-Wright and Larsson, 2007),
and the voltage-sensing phosphatase, ciVSP which has no pore
(Villalba-Galea et al., 2008). Slowing of charge return in a voltage
sensor without a pore is clearly a different process that cannot be
dependent upon pore inactivation or ionic occupancy and sug-
gests that the voltage sensor might possess an intrinsic property
to “relax,” representing the adoption of a distinct stable conforma-
tional state (Villalba-Galea et al., 2008, 2009). This process has also
been proposed to occur in ShakerIR channels during prolonged
depolarizing pulses as tracked by the entry into a state from which
charge return is slow (Lacroix et al., 2011). Although relaxation
may represent an intrinsic property of the voltage sensor, it is cur-
rently difficult to separate the observed slowing of charge return
from those related to inactivation discussed above, that also show
ion dependence (Shirokov, 2011). It follows that if voltage sensor
relaxation is independent of pore-related inactivation processes
then it should have little dependence on ionic conditions. Future
studies that advance the structural information available for these
states will ultimately allow the clear separation of inactivation and
relaxation. Because relaxation of voltage sensors occurs over a
much longer time scale than the slowing of charge return that can
be observed developing with channel opening kinetics it is cer-
tainly not likely to impact directly on the rapid immobilization of
charge caused by ions occupying the inner cavity.

CONCLUSION

The studies reviewed here have shown that charge immobiliza-
tion can be caused by a combination of ion occupancy of the
pore and conformational rearrangements associated with inac-
tivation or relaxation, which can be broadly classed as intrinsic
(related to protein tertiary structural rearrangements) and extrin-
sic (caused by external factors such as ion block of pore closure or
inactivation) factors.

The various pathways affected by intracellular ions have been
summarized by the simplified state scheme shown in Figure 3. The
scheme assigns the majority of the charge carrying transitions of
all the four subunits voltage sensors to the transition between R
(resting) and A (activated). Depolarization causes the voltage sen-
sors to shift from R to A, a transition which accounts for the gating
charge measured on activation. After activation the pore domain
opens sequentially and must shut before the reverse transition
from A to R representing charge recovery. Slowing the transition
from O to A will have the effect of slowing charge return. After
opening, ions may enter the pore and occupy a site (O:Iong; ) that
prevents closure of the pore and will have the knock-on effect of
slowing deactivation kinetics and, if slower than the A to R tran-
sition, the rate of charge return will also be slower. The rate of
slowing of charge return is subject to modulation of the stabil-
ity of O:lons;, which is dependent upon the proximity of other
ions and the intrinsic affinity for the pore cavity that the spe-
cific ion may have which will be dependent upon size, charge, and
solvation. Once opened, or bound with an ion at S1, the chan-
nel might also enter an inactivated state (I) associated with a

O:IonS1

k .[Ton'] / ok, \
V ~ ~
R = A] —0 |

/
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FIGURE 3 | State model summarizing the effects of intracellular ions
on voltage sensor dynamics. The model is described in the text.

conformational rearrangement that stabilizes the voltage sensor
and causes immobilization. The rate of entry into this inactivated
state may be impaired by intracellular ions occupying a site that
antagonizes inactivation (O:Ions;) — probably through a mecha-
nism similar to the “foot in the door” attenuation of inactivation
described for conducting channels (Baukrowitz and Yellen, 1995,
1996). The off rate for each ion site are modified by the multipliers
a and B where a (8, which results in occupancy of S2 impairing
the entry into the inactivated state without affecting the return
of charge significantly. Alternatively, the entry into the inactivated
state could be accelerated by reducing binding at the “foot in the
door” site S2 through the depletion of appropriate binding ions by
non-permeant cations which favor site S1; an experimental condi-
tion necessary to record gating currents from conducting channels
which would increase the degree of immobilization observed.

In this review we have attempted to identify and separate
some important mechanisms that can contribute to voltage sensor
immobilization and the ways in which those processes are subject
to modulation by intracellular ions. It is apparent that these effects
are not always easily separated and that often simultaneous immo-
bilizing mechanisms are operating at the same time, dependent
upon the particular recording solutions used and the durations
of the depolarizing pulses. Despite these uncertainties it is clear
that, especially after short depolarizations, that would not be con-
sidered to induce significant inactivation or relaxation, occupancy
of the intracellular cavity by ions does affect the dynamics of the
voltage sensor. This effect of intracellular ions could be thought of
as allosteric in the sense that ion binding at pore sites influences
the stability of the voltage sensor, a structurally distinct entity
(Figure 1A). Considering that ions fluxing through the pore exert
an influence on the deactivation voltage gating it is of physiolog-
ical significance to understand the precise mechanisms by which
these effects are mediated. It is conceivable that different channel
subtypes have evolved around the ion species they carry and that
ion occupancy effects on deactivation kinetics could have exerted
some selective pressure depending on the particular channel sub-
type, which contributes to their particular deactivation gating
phenotype. As more channels are investigated and high resolution
structures are solved for Kv channels in different states a clearer
picture will emerge of the ions role in gating as well as permeation.
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